Abstract: Yellow River Delta wetlands are essential for the migration of endangered birds and breeding. The wetlands, however, have been severely damaged during recent decades, partly due to the lack of wetland ecosystem protection by authorities. To have a better historical understanding of the spatio-temporal dynamics of the wetlands, this study aims to map and characterize patterns of the loss and degradation of wetlands in the Yellow River Delta using a time series of remotely sensed images (at nine points in time) based on object-based image analysis and knowledge transfer learning technology. Spatio-temporal analysis was conducted to document the long-term changes taking place in different wetlands over the four decades. The results showed that the Yellow River Delta wetlands have experienced significant changes between 1973 and 2013. The total area of wetlands has been reduced by 683.12 km 2 during the overall period and the trend of loss continues. However, the rates and trends of change for the different types of wetlands were not the same. The natural wetlands showed a statistically significant decrease in area during the overall period (36.04 km 2 ·year −1 ). Meanwhile, the artificial wetlands had the opposite trend and showed a statistically significant increase in area during the past four decades (18.96 km 2 ·year −1 ). According to the change characteristics revealed by the time series wetland classification maps, the evolution process of the Yellow River Delta wetlands could be divided into three stages: (1) From 1973From -1984, basically stable, but with little increase; (2) from 1984-1995, rapid loss; and (3) from 1995-2013, slow loss. The area of the wetlands reached a low point around 1995, and then with a little improvement, the regional wetlands entered a slow loss stage. It is believed that interference by human activities (e.g., urban construction, cropland creation, and oil exploitation) was the main reason for wetland degradation in the Yellow River Delta over the past four decades. Climate change also has long-term impacts on regional wetlands. In addition, due to the special geographical environment, the hydrological and sediment conditions and the location of the Yellow River mouth also have a significant influence on the evolution process of the wetlands.
Introduction
The Yellow River Delta wetlands are a critical ecological system and are a transitional buffer zone between the sea and inland areas [1] [2] [3] . They play a very important role because they affect nitrogen absorption, geochemical cycles, climate regulation, and act as a carbon sink; they also In order to assess the change characteristics and dynamics of wetlands in the Yellow River Delta over the past four decades, we proposed a per-parcel level classification approach based on the knowledge transfer classification and machine learning for automatic classification of wetlands. This study produced time-series maps that document how these reginal wetlands have changed. We examined the spatial distribution, change process, and drive mechanism of wetlands in the Yellow River Delta over the past four decades. The results provide data and a scientific reference for wetland management, conservation, and restoration.
Study Area
The Yellow River Delta is the fastest growing delta in the world ( Figure 1) ; it is located in the north-east of Shandong province, China, in the estuary of the Yellow River. The wetlands of the Yellow River Delta are not only important for protection of the eco-environmental system but also for internationally endangered bird species [22, 49, 50] . Generally, the modern Yellow River Delta is located from Wu Hao Zhuang (north) to Song Chun Rong Gou (south) (longitude 118.30~119.30 • E, latitude 37.05~38.20 • N) [51] . This area has a temperate monsoon climate; the annual mean temperature is 11.9 • C and the average precipitation is about 640 mm with 196 frostless days [22, 52, 53] . Because of the sedimentation in the Yellow River, the sediment builds and rebuilds the delta continuously. There is an abundance of coastal wetland resources, and it has been named one of the most beautiful six wetlands in China [2] .
Water 2018, 10, x FOR PEER REVIEW 3 of 26 wetland patches [2, 28] . Although wetland extraction has been moderately successful in some applications, automatic mapping remains a challenge, largely due to the ambiguous spectral characteristics and complex shapes, sizes, and forms of wetlands [10, 47, 48] . In order to assess the change characteristics and dynamics of wetlands in the Yellow River Delta over the past four decades, we proposed a per-parcel level classification approach based on the knowledge transfer classification and machine learning for automatic classification of wetlands. This study produced time-series maps that document how these reginal wetlands have changed. We examined the spatial distribution, change process, and drive mechanism of wetlands in the Yellow River Delta over the past four decades. The results provide data and a scientific reference for wetland management, conservation, and restoration.
The Yellow River Delta is the fastest growing delta in the world ( Figure 1) ; it is located in the north-east of Shandong province, China, in the estuary of the Yellow River. The wetlands of the Yellow River Delta are not only important for protection of the eco-environmental system but also for internationally endangered bird species [22, 49, 50] . Generally, the modern Yellow River Delta is located from Wu Hao Zhuang (north) to Song Chun Rong Gou (south) (longitude 118.30~119.30° E, latitude 37.05~38.20° N) [51] . This area has a temperate monsoon climate; the annual mean temperature is 11.9 °C and the average precipitation is about 640 mm with 196 frostless days [22, 52, 53] . Because of the sedimentation in the Yellow River, the sediment builds and rebuilds the delta continuously. There is an abundance of coastal wetland resources, and it has been named one of the most beautiful six wetlands in China [2] . Historically, wetlands have covered 80% of the total land area in the Yellow River Delta [2] . Natural wetlands (including lakes, rivers, marshes, swamps, lagoons, and intertidal zones) are Historically, wetlands have covered 80% of the total land area in the Yellow River Delta [2] . Natural wetlands (including lakes, rivers, marshes, swamps, lagoons, and intertidal zones) are mainly distributed in the east of the delta from the Xiaodao River to the Tuhai River. Artificial wetlands (including cultivated areas and salt pans) are primarily distributed in the mid-west of the delta. The Yellow River Delta is an important breeding ground for birds and it is a migratory stopover location. In 1992, the Yellow River Delta National Nature Wetland Reserve (YRDNNW) was established to protect the native wetland ecosystem and rare and endangered birds in the estuary. Hundreds of kinds of rare and endangered birds are found in this area every year, including nationally protected birds [22, 50] . However, according to the second wetland survey report of Shandong province, the wetland has suffered tremendous degradation, but how this occurred and the causes are not clearly understood. This study addressed this challenge by using four decades of Landsat observations ranging from 1973 to 2013.
Materials and Methods

Data Used for Wetlands Mapping
In this research, Landsat satellite series data (MSS: Multi spectral scanner, TM: Thematic mapper, and OLI: Operational Land Imager) from the period of 1973-2013 were used to map regional wetlands. Because they are affected by phenology and precipitation, wetlands are dynamic and have seasonal changes throughout the year. Because wetlands have seasonal changes throughout the year, annual seasonal changes impact time-series change analysis. In order to ensure comparability among the results, the image acquisition time is very important. In order to ensure the comparability among the results, Landsat images from nine different points in time were selected as the main data source. These images' acquisition times are mainly distributed in September and October (Table 1) . During this period, the regional hydrological characteristics are relatively stable. These images were used to assess changes in the Yellow River Delta wetlands over the past four decades. These images, downloaded from the United States Geological Survey (USGS) website (http://glovis.usgs.gov/), have gone through radiometric calibration and geometric correction and were saved as 8-bit digital numbers (DNs) with a coordinate system of Universal Transverse Mercator (UTM). In the preprocessing stage, all images were converted to radiance (or reflectance). The image DN-to-L λ transform calculation was carried out using Formula (1) or (2) [54] [55] [56] . All images were re-projected to Lambert azimuthal equal area projection for wetlands area qualitative statistics at different times.
which is also expressed as,
where, L λ is the spectral radiance at the sensor's aperture in mW/(cm 2 ·sr·µm). DN is the digital number of the quantized calibrated pixel value. Gains is the band-specific rescaling gain factor in (mW/(cm 2 ·sr·µm))/DN. Bias is the band-specific rescaling bias factor in mW/(cm 2 ·sr·µm). L λmax is the maximum spectral radiance that is scaled to QCAL λmax . L λmin is the minimum spectral [14] . Each classification system has its specific purpose. In this study, the aim is to examine the status and change process of the regional wetlands. Therefore, our main concerns are the number, distribution, and composition of wetlands. In accordance with the regional characteristics and wetland types [57] and the international wetland classification system (i.e., the Ramsar), and taking into account the spectral separability on the medium resolution remotely sensed image, we classified the Yellow River Delta wetlands as natural wetlands or artificial wetlands with six subclasses ( Table 2 ). The minimum mapping unit of the wetlands was 0.01 km 2 . 
Wetland Automatic Classification and Updating via Transfer Learning
The object-oriented classification technology has many advantages, including that there are more features that can be used, it avoids salt-and-pepper noise, it is convenient for spatial relations and reasoning, and it reduces post-processing work [28] . However, the structure and spectral signature of the different wetlands are heterogeneous across space and time [27, 29, 58] . It is hard to select representative samples at the per-parcel level. This process requires a lot of manual intervention, which greatly affects the classification accuracy and comparability of the classification results. Therefore, the way in which to automatically select the classification of samples is the current technical obstacle [59] . This study proposed a hybrid method for automatic classification of wetland thematic maps and updating these by integrating the use of knowledge transfer and machine learning (Figure 2) . To improve the automation of wetland information extraction, knowledge transfer was used to create classification training samples to aid in automatic selection. The whole procedure of wetland classification and updating through sample transfer learning can be summarized by the following six steps. In the first step, the first phase (Time 1) image is segmented and classified by a supervised method based on object-oriented classification technology. Next, change detection is calculated between the first (Time 1) and second phase (Time 2) data. The objective of this step is to detect the changed region and the unaltered area on the second phase (Time 2) image. For the third step, if there is no change area between the Time 1 and Time 2 images, then the classification of the Time 1 image is used to label the samples on the Time 2 image as unchanged areas and the classification sample automatic transfer is complete. The fourth step is the machine (SVM) learning and training. Cross-validation (CV) is mainly used to evaluate the generalization ability of machine-learning algorithms. The most commonly used cross-validation method is K-fold cross-validation. The initial sample is divided into K sub-samples. A single sub-sample is retained as the data for the validation model. The other K-1 samples are used for training. So, the new labeled samples on the Time 2 image are classified into K parts (datasets); one part is used for the SVM training and the other is used for model validation. Each time the results are verified once, and k = 10 is the optimal parameter through the trial-and-error method ( Figure 3 ). K is greater than 10, the improvement of the classification accuracy is limited, and the training time of the model is too long. So, through the 10-fold cross-validation, the SVM model initialization training was completed. The fifth step is wetlands identification. The Time 2 image changed areas were reclassified by the trained SVM model. At this point, the wetland updating is performed automatically. The last step is wetland remote-sensing mapping on the Time 2 imagery followed by accuracy checking and validation. The results are checked by overlaying the vector of wetland thematic map on the remotely sensed image. We performed detailed manual editing of the classification results. Misclassified and missing points are corrected one by one. This is done to test the accuracy of the classification of the wetlands and to revised the intertidal zone manually according to optical remote elevation data (DEM: Digital elevation model) and the average tidal range (0.9 m). The accuracy of the wetland thematic map was assessed by comparing the map with reference data (obtained from visual interpretation and field surveys). The whole procedure of wetland classification and updating through sample transfer learning can be summarized by the following six steps. In the first step, the first phase (Time 1) image is segmented and classified by a supervised method based on object-oriented classification technology. Next, change detection is calculated between the first (Time 1) and second phase (Time 2) data. The objective of this step is to detect the changed region and the unaltered area on the second phase (Time 2) image. For the third step, if there is no change area between the Time 1 and Time 2 images, then the classification of the Time 1 image is used to label the samples on the Time 2 image as unchanged areas and the classification sample automatic transfer is complete. The fourth step is the machine (SVM) learning and training. Cross-validation (CV) is mainly used to evaluate the generalization ability of machine-learning algorithms. The most commonly used cross-validation method is K-fold cross-validation. The initial sample is divided into K sub-samples. A single sub-sample is retained as the data for the validation model. The other K-1 samples are used for training. So, the new labeled samples on the Time 2 image are classified into K parts (datasets); one part is used for the SVM training and the other is used for model validation. Each time the results are verified once, and k = 10 is the optimal parameter through the trial-and-error method ( Figure 3 ). K is greater than 10, the improvement of the classification accuracy is limited, and the training time of the model is too long. So, through the 10-fold cross-validation, the SVM model initialization training was completed. The fifth step is wetlands identification. The Time 2 image changed areas were reclassified by the trained SVM model. At this point, the wetland updating is performed automatically. The last step is wetland remote-sensing mapping on the Time 2 imagery followed by accuracy checking and validation. The results are checked by overlaying the vector of wetland thematic map on the remotely sensed image. We performed detailed manual editing of the classification results. Misclassified and missing points are corrected one by one. This is done to test the accuracy of the classification of the wetlands and to revised the intertidal zone manually according to optical remote elevation data (DEM: Digital elevation model) and the average tidal range (0.9 m). The accuracy of the wetland thematic map was assessed by comparing the map with reference data (obtained from visual interpretation and field surveys). 
Wetland Change Analysis
Dynamic Change
To quantify the degradation of wetlands in the Yellow River Delta, the dynamic change (DC) model was implemented [60, 61] . Dynamic change, also known as the change degree, is an important model for the study of wetland changes. The DC is defined as:
where DC is the dynamic change, is the initial wetland area, is the wetland area at a later time, and T is the time. The DC model can describe not only the degree of wetland area variation but also the temporal features of the wetland changes.
Land-Use Transition Matrix
In order to better grasp the regional wetland change characteristics and reasons for change, change intensity needs to be understood, but it is also essential to know the spatial change and transformation. In this study, the land-use/cover transition matrix [62, 63] was employed to analyze the theoretical frequency of inter-class conversions. Through the superposition of wetland maps from two points in time, we can find the number of mutual conversions between different types of land cover in a period of time and then reveal the spatial variation between the different types. Generally, a land-use transition matrix is expressed as a table (Table 3 ). In Table 3 , the rows are the land types in time T1 and the columns are the land types in time T2. Pij was the area or percentage of the type Ai transformed into the type Aj between T1 and T2. Pij indicates that there was no change in area for the type Ai during the period of the time from T1 to T2. Table 3 . Land-use/cover transition matrix. 
Wetland Change Analysis
Dynamic Change
where DC is the dynamic change, U b is the initial wetland area, U a is the wetland area at a later time, and T is the time. The DC model can describe not only the degree of wetland area variation but also the temporal features of the wetland changes.
Land-Use Transition Matrix
In order to better grasp the regional wetland change characteristics and reasons for change, change intensity needs to be understood, but it is also essential to know the spatial change and transformation. In this study, the land-use/cover transition matrix [62, 63] was employed to analyze the theoretical frequency of inter-class conversions. Through the superposition of wetland maps from two points in time, we can find the number of mutual conversions between different types of land cover in a period of time and then reveal the spatial variation between the different types. Generally, a land-use transition matrix is expressed as a table (Table 3 ). In Table 3 , the rows are the land types in time T 1 and the columns are the land types in time T 2 . P ij was the area or percentage of the type A i transformed into the type A j between T 1 and T 2 . P ij indicates that there was no change in area for the type A i during the period of the time from T 1 to T 2. The pattern of wetlands in the Yellow River Delta has undergone a significant change over the past four decades (Figure 4 ). Initially (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , there were abundant natural wetlands and the landscape was relatively simple. The main wetland types were marsh and intertidal zone. There were almost no artificial wetlands. Later (1984-2013), wetland coverage was reduced markedly with a large amount of marsh and swamp degradation. Large areas of artificial wetlands appeared and added to the regional wetland landscape. The natural wetland patches were shrinking. Also, due to the sedimentation in the Yellow River and the movements of the channel, the delta area has been increasing constantly. The newly formed land contained natural wetlands at the beginning and was later dominated by human activities. This caused the shape of the delta to change continuously and the local shoreline to erode into the sea.
To ensure classification accuracy is reliable and classification results are credible, accuracy verification of results is an essential task. All results are checked by overlaying the vector of the wetland thematic map on the remotely sensed image. On that basis, through the accuracy analysis of classification maps and manual samples (manual interpretation), each phase of the classification results has a detailed accuracy assessment report (Table 4) . Overall accuracy reaches 85% or more. Average producer accuracy is above 86%. Average user accuracy is above 85%. The Kappa coefficient is more than 0.80.
The Yellow River Delta wetlands have experienced considerable degradation from 1973 to 2013 ( Figure 5 and Table 5 ). The total area of wetlands in this region has decreased 683.12 km 2 , but not all kinds of wetlands have decreased in the same way. Different types of wetlands have their own individual change characteristics. The natural wetlands decreased by 1441.5 km 2 (36.04 km 2 ·year −1 on average). The largest reduction was marsh and swamp, its total area declined by 1036.22 km 2 . The second largest decrease was intertidal zone (beach) and the total area decrease by 425. 16 
Wetlands Spatio-Temporal Changes Analysis
The total area of wetland was reduced by 683.12 km 2 ; the natural wetland area decreased by 1441.59 km 2 , while the artificial wetland area increased by 758.47 km 2 ( Figure 6 ). The total area of wetlands in this region had a statistically significant decreasing trend (18.29 km 2 ·year −1 , p < 0.05). At the same time, the natural wetlands also had a statistically significant decreasing trend (38.52 km 2 ·year −1 , p < 0.05). Meanwhile, the area of artificial wetlands had a statistically significant increasing trend during the entire period (20.2 km 2 ·year −1 , p < 0.05). Additionally, natural wetlands had a fluctuating downward trend, but the artificial wetlands showed a steadily rising trend. The change process had three stages: steady increase (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , sharp decline (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , and slow decrease (2000-2013). The average dynamic change rate was −1.61% (Figure 7) . The marsh and swamp had the most degradation, the intertidal zone area had a steady and slow decline over the time period, and the river wetland area was relatively stable. For the artificial wetlands, the average dynamic change rate was 12.09% ( Figure 8 ). The area of the three types of artificial wetlands increased consistently and aquaculture ponds had the biggest increase. The change process had three stages: steady increase (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , sharp decline (1984-1995), and slow decrease (2000-2013). The average dynamic change rate was −1.61% (Figure 7) . The marsh and swamp had the most degradation, the intertidal zone area had a steady and slow decline over the time period, and the river wetland area was relatively stable. For the artificial wetlands, the average dynamic change rate was 12.09% ( Figure 8 ). The area of the three types of artificial wetlands increased consistently and aquaculture ponds had the biggest increase. Figure 9 shows the wetland gain, loss and unchanged area. Wetland reduction areas were mainly distributed in the center of the Yellow River Delta. The area where wetlands were expanding predominantly occurred in the coastal zone and the mouth of the river. Also, natural wetland landscapes were severely destroyed. The new wetlands formed from the deposition of sediment and the creation of aquaculture. The newly formed land became colonized by natural wetlands (e.g., swamp and intertidal zone), but it was later occupied by humans and converted into other land uses. Various natural wetlands were converted into artificial wetlands, farmland, city, and other land uses (Table 6 ). Firstly, a large area of river wetland became marsh and swamp (33.85%). The original ponds were primarily transformed into marsh and swamp (44.67%), aquaculture pond (16.39%), and cropland (27.46%). A large area of marsh and swamp were converted into cropland (30.08%), city (15.16%), and artificial wetland (23.18%). The intertidal zone was mainly transformed into marsh and swamp, salt pan, aquaculture pond, and oil fields. In addition, there was a large area of intertidal zone (18.84%) that converted to sea because of sediment erosion. This was another factor in the reduction of regional natural wetlands. In total, more than half of the natural wetlands have been damaged. Meanwhile, some of the shallow sea (26.99%) in the study area transitioned into marsh and swamp, intertidal zone, aquaculture pond, and other land types. This is an incremental increase for regional wetland area and effectively slows down the rate of wetland loss. Various natural wetlands were converted into artificial wetlands, farmland, city, and other land uses (Table 6 ). Firstly, a large area of river wetland became marsh and swamp (33.85%). The original ponds were primarily transformed into marsh and swamp (44.67%), aquaculture pond (16.39%), and cropland (27.46%). A large area of marsh and swamp were converted into cropland (30.08%), city (15.16%), and artificial wetland (23.18%). The intertidal zone was mainly transformed into marsh and swamp, salt pan, aquaculture pond, and oil fields. In addition, there was a large area of intertidal zone (18.84%) that converted to sea because of sediment erosion. This was another factor in the reduction of regional natural wetlands. In total, more than half of the natural wetlands have been damaged. Meanwhile, some of the shallow sea (26.99%) in the study area transitioned into marsh and swamp, intertidal zone, aquaculture pond, and other land types. This is an incremental increase for regional wetland area and effectively slows down the rate of wetland loss. 
Discussion
Change Mode and Trend
From a comprehensive analysis of the change process of the total area of wetland in the Yellow River Delta from 1973 to 2013, there are two significant turning points on the change curve ( Figure 10) . One is in 1984 and the other in 1995. From 1973 to 1984, the regional wetland area was steady with a small increase. Then, the total area of the regional wetlands rapidly dropped to the lowest point in 1995, followed by a little rebound in 2000. Since then, the area of regional wetlands has slowly decreased. According to these change characteristics, the entire change process can be divided into three stages: (1) Stable with a little increase (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) . In this stage, the regional wetlands area steadily increased. This was possibly linked to the change in channel of the Yellow River which occurred two times during this period (1976 and 1979) . (2) Rapid decline (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) . In this stage, the regional natural wetlands showed a sharp decline in area. At the same time, artificial wetlands were gaining significant area. This was possibly due to the high intensity of human activity (e.g., urban construction, cropland creation, and oil exploitation). From reviewing historical literature, the lowest point of wetland area was likely around 1997, because in 1997 the amount of precipitation was very low, which resulted in the longest duration of no flow in the lower Yellow River and the river went dry in this area. Also, the area suffered a major storm surge, which resulted in the destruction of a large number of natural wetlands [57, [64] [65] [66] [67] . (3) Slow decline (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . In this stage, the wetland experienced a little improvement and then slowly decreased in area. This may be associated with the creation of regional wetland reserves and climate change. The regional wetlands had a small increase in area around 2000, which could be related to the unified water resources scheduling that began in 1999 within the watershed. 
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Change Mode and Trend
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Attribution Analysis
There are many reasons for wetland degradation in the Yellow River Delta over the past decades (e.g., farmland reclamation, beach development, coastal erosion, and climate change). The original natural wetlands in the Yellow River Delta were mainly converted to cropland, aquaculture ponds, salt pans, oil fields, city, residential areas, and infrastructure ( Figure 11 ). The reasons for this can be summarized into four major categories: (1) Human activities (e.g., farmland reclamation, beach development, hydraulic engineering, oil exploitation, infrastructure construction); (2) climate change (e.g., temperature increase, precipitation decrease, evaporation enhancement, sea-level rise); (3) the Yellow River diversion (e.g., river mouth migration, coastal erosion); (4) policies (e.g., conservation policy and management regulations, restoration projects). 
There are many reasons for wetland degradation in the Yellow River Delta over the past decades (e.g., farmland reclamation, beach development, coastal erosion, and climate change). The original natural wetlands in the Yellow River Delta were mainly converted to cropland, aquaculture ponds, salt pans, oil fields, city, residential areas, and infrastructure ( Figure 11 ). The reasons for this can be summarized into four major categories: (1) Human activities (e.g., farmland reclamation, beach development, hydraulic engineering, oil exploitation, infrastructure construction); (2) climate change (e.g., temperature increase, precipitation decrease, evaporation enhancement, sea-level rise); (3) the Yellow River diversion (e.g., river mouth migration, coastal erosion); (4) policies (e.g., conservation policy and management regulations, restoration projects).
Human Activities
Land reclamation for farming, the census data showed that the Yellow River Delta has been a key area for land reclamation. This directly resulted in a large number of low-lying swamps being drained and converted into farmland. In the late 1990s, in particular, there was an increase in cotton production, so a lot of swamp land was transformed into cotton fields [68] . Beach resource development, aquaculture, and salt production have been the major development activities in the Yellow River Delta tidal flat for a long time. Beach aquaculture was developing rapidly (mainly shrimp farming, tilapia, and artemia) in the mid-to-late 1980s, and the area of the aquaculture ponds increased exponentially. A census of the aquaculture area showed that the area increased 10-fold in the estuary region between 1995 and 2002 [67] . Additionally, Dongying city has a long history of salt production. The city had 34 raw salt production fields, a total salt area of 10.82 km 2 in 1983, and by 2000, the area reached 70.72 km 2 [67] . To create these salt fields, a large area of natural wetlands was changed to artificial wetland. This is why the natural wetland loss rate was 50.55% from 1973 to 2013, but the total area of wetland only decreased by 23.95%. 
Land reclamation for farming, the census data showed that the Yellow River Delta has been a key area for land reclamation. This directly resulted in a large number of low-lying swamps being drained and converted into farmland. In the late 1990s, in particular, there was an increase in cotton production, so a lot of swamp land was transformed into cotton fields [68] . Beach resource development, aquaculture, and salt production have been the major development activities in the Yellow River Delta tidal flat for a long time. Beach aquaculture was developing rapidly (mainly shrimp farming, tilapia, and artemia) in the mid-to-late 1980s, and the area of the aquaculture ponds increased exponentially. A census of the aquaculture area showed that the area increased 10-fold in the estuary region between 1995 and 2002 [67] . Additionally, Dongying city has a long history of salt production. The city had 34 raw salt production fields, a total salt area of 10.82 km 2 in 1983, and by 2000, the area reached 70.72 km 2 [67] . To create these salt fields, a large area of natural wetlands was changed to artificial wetland. This is why the natural wetland loss rate was 50.55% from 1973 to 2013, but the total area of wetland only decreased by 23.95%. Oil exploitation, the Yellow River Delta was a critical oil production location in China. Shngli oilfield has been exploring and developing since 1961 and has become China's second largest crude oil production location. With the discovery and exploitation of new oilfields, the invasion and destruction of wetlands were inevitable [22, 57] . The area of the Shengli oilfield increased by 2.28 times from 1984 to 2001, with a total area of 853 km 2 in Dongying City [69] . The competition between oil production and wetland protection cannot be reconciled in the short-term. Water conservancy construction, as a result of an increase in water demand by industry and agriculture, a large number of water storage and water diversion projects have been built in the Yellow River Basin. At present, the Yellow River Basin has more than 10,000 water storage projects and over 3 million water Oil exploitation, the Yellow River Delta was a critical oil production location in China. Shngli oilfield has been exploring and developing since 1961 and has become China's second largest crude oil production location. With the discovery and exploitation of new oilfields, the invasion and destruction of wetlands were inevitable [22, 57] . The area of the Shengli oilfield increased by 2.28 times from 1984 to 2001, with a total area of 853 km 2 in Dongying City [69] . The competition between oil production and wetland protection cannot be reconciled in the short-term. Water conservancy construction, as a result of an increase in water demand by industry and agriculture, a large number of water storage and water diversion projects have been built in the Yellow River Basin. At present, the Yellow River Basin has more than 10,000 water storage projects and over 3 million water pumping projects [67] . The volume of water diverted reached 4.7 × 10 10 m 3 in the 1990s [67, 70] . The various water conservation projects allowed a rapid increase in water consumption and increased the competition between water supply and demand in the basin. In 1972, part of the Yellow River channel dried up. Thereafter, periods when no water reached the lower part of the Yellow River became a common phenomenon; from 1972-1999, this occurred 22 times. The most extreme occurrence of the river water drying up was in 1997, lasting 226 days and with no water in the channel up to 704 km up stream [65] [66] [67] 71] . The absence of water in the Yellow River fundamentally changed the water environment of the delta and directly resulted in loss in the regional ecosystem, deterioration, and irreversible damage [72] . Because there is less water, it is bringing less sediment to the area [67, 73] . This not only slowed down the sedimentation, but also reduced the area of newly formed coastal wetlands. It directly threatened the coastal wetland ecosystem [57, 72, 74] .
Additionally, economic development, population growth, and urban expansion, especially the development of the Shengli oilfield, caused a number of wetlands to be destroyed by the building of roads, dams, ports, and other infrastructure [7, 8, 22, 75, 76] . The integrity of the wetlands has been undermined due to the infrastructure construction and the original wetland landscape has become increasingly degraded and fragmented. Overall, this research has shown that human activities were the main driver of wetland landscape changes in the Yellow River Delta [22, 77, 78] .
Climate Change
Global warming has been accelerating sea-level rise, which has led to the submersion of low-lying areas of coastal wetlands [79, 80] . According to the China Sea Level Bulletin 2016, China's sea-level rise is generally higher than the global average over the period from 1980 to 2016 (3.2 mm/a) [81] . In the Yellow River estuary coastal district, the relative increase in sea level over the past 30 years was 4.5-5.5 mm/a, including regional crustal subsidence [82] . Climate warming has also led to the redistribution of water resources and exacerbated regional water resource imbalances. During the period from 1961 to 2010, the annual average temperature in the coastal wetlands of the Yellow River Delta increased by 1.85 • C, while the annual precipitation decreased by 121.42 mm [83] . A large number of studies have shown that over the past four decades precipitation decreased in the Yellow River Basin and the area showed a warm and dry trend [83] [84] [85] [86] . The precipitation in the upper and middle reaches of the river has decreased due to the warm and dry regional climate. Meanwhile, the water demand for industry and resident life increased, which accelerated the crisis of the downstream ecological water resources. The annual flow of the Yellow River has decreased dramatically in the past decade, and the flow has a significant negative correlation with the temperature and positive correlation with precipitation [49, [86] [87] [88] [89] [90] . Climate change was a long-term critical impact factor on the reduction of flow. However, it is understood that water diversion was the main cause of the flow changes in the lower reaches of the Yellow River [91] .
Yellow River Diversion
From 1973 to 2013, the Yellow River Delta had a great increase in area (495.77 km 2 ) due to sedimentation (Figure 12b) , with an annual expansion rate of 21.3 km 2 /a. These newly formed lands are the source of increased wetland area. Also, the Yellow River channel location has changed periodically. The site of the river mouth not only affected the speed of siltation but it influenced the direction of the delta's expansion. Once the river mouth changed location to the other sites, the source of sediment in the old Yellow River channel was cut off and the coastal erosion increased. Over the period from 1973-2013, the mouth of the Yellow River has moved four times (Figure 12 ). (Figure 12a, site B) . In the period from 1979 to 1996, the location of the Yellow River channel was in an unstable condition and with little change at flood season (Figure 12a , site C). In 1996, the Yellow River was diverted by human intervention at the location of the Qing No.8 Brouch, which blocked the main channel and forced the river to veer north-east. Since then, the Yellow River has flowed into the sea north-east of the Qing No.8 Brouch (Figure 12a, site D) . With all of these change in the estuary, the coastline also varied constantly over the past four decades (Figure 12a ). Wherever the mouth of the Yellow River was located, the delta expanded. Since the mouth of the Yellow River moved from the Diao Mouth, the coastline there eroded severely.
Additionally, due to the special terrain and geographical environment, the Yellow River estuary was prone to storm surge. There was a serious storm surge every 3 to 4 years on average [67] . Storm surges led to coastal erosion and coastal wetlands being destroyed. According to the weather record data, the storm surge in 1992 contributed to part of the coastline retreating up to 30 m, the direct loss of land was 4.66 km 2 [92] . The storm surge in 1997 directly destroyed the region's largest area of Robinia pseudoacacia [67] . From the discussion above, the mouth migration and coastal erosion obviously had major impacts on the regional wetland changes.
Conservation Policies and Projects
Over past decades, natural wetlands in China have suffered a great loss of area and degradation. This is inextricably linked to the development of agriculture, the lack of awareness of (Figure 12a, site B) . In the period from 1979 to 1996, the location of the Yellow River channel was in an unstable condition and with little change at flood season (Figure 12a , site C). In 1996, the Yellow River was diverted by human intervention at the location of the Qing No.8 Brouch, which blocked the main channel and forced the river to veer north-east. Since then, the Yellow River has flowed into the sea north-east of the Qing No.8 Brouch (Figure 12a , site D). With all of these change in the estuary, the coastline also varied constantly over the past four decades (Figure 12a ). Wherever the mouth of the Yellow River was located, the delta expanded. Since the mouth of the Yellow River moved from the Diao Mouth, the coastline there eroded severely.
Over past decades, natural wetlands in China have suffered a great loss of area and degradation. This is inextricably linked to the development of agriculture, the lack of awareness of the importance of wetlands, and government policies and laws [7, 14, 15, 93, 94] . The Yellow River Delta wetlands were no exception; in the middle stage of wetland change (stage 2: 1984-1995) , because of the lack of ecological protection awareness and the excessive pursuit of economic interests, a large area of wetland was converted into farmland, aquaculture ponds, salt pans and other uses ( Table 2) . After the regional wetland ecosystem was severely degraded, relevant government departments and authorities realized the importance of wetlands and developed a series of protection policies and laws. For example, in 1990, Dongying Municipal People's Government approved the establishment of the Yellow River Delta Nature Reserve (YRDNR). In 1991, the Yellow River Delta Nature Reserve was upgraded to a provincial protected area. In 1992, the State Council of China approved the establishment of the Yellow River Delta National Nature Reserve (YRDNNR). In 1999, the implementation of the Yellow River basin unified water resources scheduling rectified the lack of flow (the river drying up) in the lower reaches of the river and this has been fundamentally reversed. In 2004, the Yellow River Delta Nature Reserve Phase II project was completed and passed the national acceptance. In the same year, the Yellow River Delta National Nature Reserve wetlands monitoring project began, and it used remote sensing, global position system (GPS), geographic information system (GIS), and other technology to determine the timing and locations of fixed-point monitoring for the study area. In 2006, the Yellow River Delta National Geo-park was opened.
In stage 3 (1996-2013) of wetland change, the degradation rate of the regional wetlands has slowed down, which was potentially linked to these protection projects and laws. It should be noted that there may have been some time lag between the implementation and effectiveness of the protection policy. From the results of this study, in the late 1990s the effects of the conservation efforts began to be visible. There was probably a five-to 10-year time lag. The unified water resources scheduling which was begun in 1999 seems to be very effective, because the area of wetland rebounded in about 2000 (Figure 3 ). There were likely links between these two events. However, the effective protection of wetland resources was not a simple matter, it involved trade-offs among the interests and behaviors of the various stakeholders (e.g., the petroleum industry, government departments at all levels, urban developers). There is still a lot to be done to protect and restore these regional wetlands. However, from the results of this study, great success in slowing down the rate of regional wetland degradation has been achieved so far. The above discussion showed some possible, preliminary reasons for the Yellow River Delta wetland degradation over the past four decades. To eventually confirm the cause-effect relationship in this system, there needs to be more integrated and systematic analysis using comprehensive technologies, such as multisource remote sensing and metrological and hydrological models.
Credibility and Error Sources
Validity
Creating time-series maps over an extended period of time for the Yellow River Delta wetlands is essential for wetland research and change analysis. It is also necessary to determine if it is possible that the time-series changes came from misclassification. To insure that the classification results are credible, the wetland information inferred from remotely sensed images should be validated. All of the multispectral images used in the study have been carefully selected and strictly preprocessed. The radiometric calibration and atmospheric correction was applied to polish the path radiance and improve the clarity based on the ENVI 5.3 FLAASH model. The classification method used in this study addressed the changed area map-updating by samples transfer learning rather than reclassification of the whole image. The changed area machine identification improved the efficiency of classification, and it also ensured classification accuracy. In addition, each section of the data change area was manually checked carefully. Logical judgment was essential (e.g., wetlands can be transformed into impervious surfaces, but the city's impervious surfaces do not change into wetlands) to ensure that errors of commission and omission were as small as possible. Therefore, we have confidence in the accuracy of the wetlands classification maps.
The wetland area changes were possibly caused by inter-annual variation or linked to intra-annual fluctuation. Sometimes, these two variables tend to interact. To discriminate the two different changes in order to ensure that inter-annual variability was comparable in this study, the images used for wetland detection were from the same season (autumn-September to October), except for the two earliest images. The river flow was relatively stable during this period each year [83, 95] . So, the uncertainties of the inter-annual observed changes caused by intra-annual fluctuation was very little and acceptable.
Error Source
Regardless of the methodology, to perform wetland classification and updating successfully, the limitations (e.g., map scales, data acquisition time, spatial and spectral resolution, characteristics of wetlands, algorithms) of remote sensing inevitably affected the accuracy of the mapping [96] . From analyzing potential error sources in this study, the cartographic errors were mainly from scale and technical error.
Scale Errors
The scale factors were the inherent errors, which included both time scale and space scale errors [97] . Time scale errors were due to the variation in precipitation and wetness from year to year (i.e., drought or flood years). Accordingly, the ideal time for observations was at a time with average weather conditions [96, 98, 99] , but that is only an ideal condition. The time and weather conditions of the images were not controllable. It cannot be known whether images captured during weather extremes would affect the mapping of the wetlands, but using nine observations to characterize and infer the change process and mode over the past four decades of the wetlands. This was a sample survey to some extent because the images were spread out over so many years. It was not possible to determine the exact time of a change. Therefore, the time scale error was not only related to the image acquisition time but also linked to the time density of the observations. The space scale factors included the spatial resolution of the images and the map scale. The spatial resolution of the image reflects the ability to distinguish different category information, but it also has a negative impact on the classification accuracy [97, [100] [101] [102] . The richness of wetland information derived from an image positively relates to its spatial resolution [100] . However, the specifications necessary for a "good" wetland map is heavily dependent on what the map was to be used for [96, 98, 99] . Therefore, neither a high nor low spatial resolution is better [102, 103] . In this study, the image resolution of the earlier multiple spectral scanner (MSS) images was 60 m and the later (TM/OLI) images was 30 m. The difference in spatial resolution between MSS and TM is the size of one TM pixel (30 m). The lower spatial resolution increased the mixed pixels problem and decreased the separability of wetlands spectra. Also, the mis-registration between the different spatial resolution images is 15 m, which has a direct impact on the transitions between wetland type. Furthermore, the minimum mapping unit was 0.01 km 2 , which means an area of wetland less than that size was ignored. The map scale also affects the map accuracy.
Technical Errors
No matter how good the algorithm, the classification accuracy cannot be 100% and errors are unavoidable. The technical errors were mainly caused by the characteristics of the wetlands, such as changes in different season, they have complex spectra, they are heterogeneous, and the same land cover types have multiple spectrums. To improve the classification accuracy in the future, more research can be done on the following aspects: (1) To discover more effective features, not just in spectrum, new technologic methods maybe good alternative choices (e.g., synthetic aperture radar, lidar, and geospatial modeling); (2) to enhance the intensity of machine learning; taking into account the all possible situations via the new learning structures (e.g., deep convolutional artificial neural network (ANN) and deep learning) [104] [105] [106] [107] [108] [109] [110] [111] [112] . The deep convolutional neural network algorithm, in particular, has better learning and generalization performance for multiple variables and large datasets.
Nevertheless, this is the first time that the Yellow River Delta wetlands have been mapped and had a long time-series change analysis performed on them. The results provided important information and scientific support to help the local government agencies develop robust strategies for wetland management, conservation, and restoration in the future. The study attempted to label classification samples automatically by the transfer learning method. This methodology emphasized the importance of existing thematic map knowledge. The entire technological procedure has greatly improved the efficiency of the work and the level of automatic wetland classification. The hybrid method used in this research could be extended to other regions for wetland surveys and mapping.
Conclusions
This study developed a new methodology to identify wetlands automatically and documented the time-series changes from 1973 to 2013 in the Yellow River Delta using remotely sensed data. Spatio-temporal change analysis was conducted to examine the long-term change processes and modes of different wetlands over the last four decades using nine images for classification and mapping. The results quantitatively assessed the temporal and spatial changes within the wetlands as well as between wetland and non-wetland areas to determine the main reason for degradation. Several findings were revealed and communicated in this study.
(1) The Yellow River Delta wetlands have been severely damaged over the past four decades (683.12 km 2 were lost). Over half (50.55%) of the original natural wetland area was lost between 1973 and 2013. Meanwhile, the regional artificial wetland area had a significant increasing trend (20.2 km 2 ·year −1 , p < 0.05).
(2) The whole change process can be divided into 3 stages: relatively stable (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , rapid reduction (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , and slow degradation (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Moreover, the total area of the regional wetlands dropped to the lowest point in the second stage and then began to rebound around 1995.
(3) The designed hybrid method for wetland map automatic updating based on sample transfer and machine learning has greatly improved the work efficiency. This approach provided a new way to make full use of existing thematic maps and could be extended to other areas.
(4) Regional human activities (e.g., farmland creation, salt development, oilfield exploration, aquaculture, industrialization) were the main cause of the regional wetland degradation in the short-term. Climate change was a long-term factor that has been affecting the evolution of regional wetlands. The hydrological factors and the channel diversion of the Yellow River directly affected the formation and development of the regional wetlands. Regional wetland protection policies and engineering have played an important role in slowing down the process of regional wetland degradation to a certain extent. In order to fully understand the cause-effect relationship of the wetland change, more integrated and systematic analysis by comprehensive technologies is needed.
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